The study aims to identify the feasibility and the relevance of a genetic selection for enhancing the pulping potential of the Douglas fir wood. At first, wood predictors for TMP potential are identified through the refining of thirty trees 17-year-old, using a specific procedure on a 12" Andritz refiner. The variations of TMP physical properties are linked with those of anatomical parameters, but also with within ring density related traits. The brightness of the unbleached TMP is negatively correlated with the red chromatic component of wood. Lignin, holocellulose and extractives content on one hand, Kraft fibre morphology on the other hand are considered to evaluate roughly the wood potential for the Kraft process. Then 15 clones out of 200 are non destructively selected within a 24-year-old German test to evaluate the range of the genetic variation of the papermaking potential. Chemical analyses give evidence of large variations of the chemical composition ratio between clones (holocellulose/lignin ratio). The clone discrimination of the fibre length is weak, but significant differences of fibre coarseness are observed as a consequence of the large variability of the latewood density levels. The industrial selection gain for pulping is discussed on the basis of TMP pilot plant tests which show large differences of physical and optical TMP properties between average wood assortments of each clone. This leads to practical recommendations for breeders considering the expectations of both the pulping and the wood industry.
INTRODUCTION
For thirty years, Douglas fir has been widely planted in Europe, especially in France and Germany, and nowadays this specie represents an emerging resource, for both sawing logs and thinning logs, top logs and sawmill chips. In particular, the French annual harvest of Douglas fir should be double by 2015 (around 6 million m 3 ). The crisis in the Norway spruce development in many countries suggests the possibility of a partial substitution of fir and spruce by Douglas fir within Thermo-Mechanical Pulp (TMP) requiring white wood. More generally speaking, the question is posed about the relevance of the integration of pulping parameters in Douglas fir breeding programmes, without jeopardising the solid wood properties. The problem of integrating Douglas fir in substitution to Norway spruce in TMP has been demonstrated [15, 17, 20] ; Douglas fir chips severely affect the optical properties (scattering, brightness and bleachability) and physical properties like breaking length and burst index. Even though some process adaptations were tried [16] as chemical pre-treatment and oxidative/reductive sequences to improve the bleachability, the possible gain linked to genetic selection is still to be evaluated.
The breeding programmes for Douglas fir are rather recent in Europe. For instance, the selection of the better adapted provenances for France (west Washington and north west Oregon) occurred between 1978 and 1981, then 1000 progenies coming from Washington and Oregon best provenances were analysed from 1989 to 1996. From 1998 until 2004, 600 clones will be selected to compose the breeding population, then the main seed orchards. The possible conflict between different goals of selection for wood quality is an important issue. It is well known that European Douglas fir presents both a high growth potential and a high wood mechanical stiffness [14] , with a ratio density/ring width much higher than the other European conifers. The mechanical stiffness of the Douglas fir wood is mainly a consequence of the high density and the high proportion of the latewood. This also implies some technological drawbacks especially with machining [13] and peeling [10, 11] for which tearing and lathe checks are closely linked with within-ring density variations. The genetic variability of the within ring heterogeneity of density of Douglas fir has been already studied [9, 12] by Keller and Nepveu who suggested selection of families within the best provenances by evaluating a high potential gain on this parameter: the within ring heterogeneity of density varies from 15% to 28% between progenies of 10 provenances. From recent experience, it is also obvious the within ring density components of conifers is highly correlated with mechanical properties of solid wood [18] as well as the fibre morphology, thus the papermaking potential [3, 5, 18] .
For these reasons, the present study -achieved within the frame of the European project EUDIREC (FAIR CT 95-0909) -deals with the practical feasibility and the relevance of genetic selection focused on the pulping potential of the Douglas fir wood, by considering (i) the range of the genetic variability within selected provenances and (ii) the relationships between the pulp and paper properties and the fitness for solid wood products.
MATERIALS AND METHODS

Methods and sample to identify papermaking predictors in wood
Plant material
Thirty Douglas fir thinning logs were sampled from a 26-year-old AFOCEL experimental plot, (« Le Breuil », Centre of France) with diameter at breast height being between 15 and 25 cm. Between 1 m and 2 m above ground, sampled disks were cut for physical, chemical and anatomical analysis and 60-90 cm long logs for mechanical testing. Disks for pulping (TMP, Kraft) are sampled at 0.8 m and 3 m.
TRMP procedure for small scale testing
An original procedure is elaborated on a 305 mm Sprout Waldron refiner, which consists in refining a small amount of wood (50 to 200 g air-dry wood) at 90 o C: the chips are saturated and steamed at 100 o C before refining with the temperature kept close to 100 o C, then the pulp is diluted to consistency of 1.2% and beaten for several cycles. Different times of beating are considered so that three Schopper degrees can be reached. Breaking length is then adjusted to 65 o SR. Using the same trees, significant correlations can be obtained between breaking length of TRMP pulps and TMP pulps coming from a semi-industrial pilot plant. Breaking length of handsheets varied from 2000 to 3000 m between trees. The refining procedure was described by Foesser et al. [7] , then recently improved by Fauchon et al. [6] and proved to be efficient enough for a rapid rough screening of Douglas trees according to their TMP potential. Bleachability was assessed on TRMP pulps representing two levels of sampling and 3 beating levels, using 5% H 2 O 2 , 3.7% NaOH and 4% Na 2 SiO 3 , with a retention time of 4 hours at 60 o C. Before and after bleaching the properties of the handsheets are evaluated according to the T222 sp-96 standard (physical testing) and T452 om-92 (brightness). Figure 1 and photo 1 give a general picture of the refiner and the diagram of fitting for the secondary stage.
X ray micro-densitometry (MDM), anatomy and ultrastructure
Diametral X-ray microdensity profiles (MDM) were recorded on each disk according to the procedure described by Rozenberg et al. [18] . Density parameters are computed from these density profiles. The volumic mass of the X-ray samples was also measured.
Cell wall thickness and lumen diameter were measured on the same samples. The sections are 20 µm thick and stained with safranine. The measurements were taken using an image analyser every third annual ring on 50 cells of earlywood and 50 of latewood.
Mechanical properties
From each disk two sections were obtained from opposite diameters, from which specimens were sawn to the dimension specified to ISO Standard 4469. The mechanical tests were carried out both on green material and air-dried material up to a final moisture content of about 12%. Static bending Modulus of Elasticity (MOE) and Compression parallel are measured according to the standards UNE 56.537-79 and UNE 56.535-77.
Wood colour and wood chemistry
Wood colour was evaluated on the longitudinal tangential plan of polished size-calibrated TRMP chips, after stabilisation around 12% m.C., by means of a suitable spectrocolorimeter (reflectance between 400 and 700 nm). Results are expressed in the CIELAB system: L*, a *, b*. Colour was also measured on 60 mesh meal with the same apparatus.
Chemical characterization of the material was carried out by determinating the cellulose and lignin contents. Sampling was performed by cutting a slice from each stem and, after milling in a Wiley mill, collecting the 40-60 mesh wood meal through. The holocellulose and lignin contents were assessed in duplicate by the Norman and Jenkins procedure and by the method of Klason (T 222 om-88) without preliminary extraction. Extraction was done on the wood powder with water-acetone sequences using the automated extraction system SOXTEC (Foss Analytical).
Genetic test
Plant material
The material comes from 57 trees, 24-year-old, from 15 clones non-randomly selected in one test site (Lower Saxony, Germany). The clones in the test site were themselves selected from seedlings in Escherode (Germany), from a large seed collection in the Canada (British Columbia) and in the USA (Washington and Oregon, west of the Cascade range). The cuttings were taken from the best seedlings of the best provenances in 1975 (selection on survival and growth). The cuttings were planted in 1978 at a 2 m × 2 m spacing in a trial in forest district Kattenbuehl, Lower Saxony, Germany. After the selection of the best 20% of clones in 1992, a thinning was conducted in the 80% clones not selected as superior.
The 15 clones are selected in a non destructive way using core samples in order to amplify the natural variation for density parameters and for some pulp and paper properties.
The methodology for the selection of the 15 clones is the following one: a first pre-selection was made from diameter at breast height (DBH) and Pilodyn measurements. The Pilodyn wood tester gives a rough idea of the wood density by measuring the depth of penetration of a needle propelled with an energy of 6 J [4] . The objective was to increase the chances of finding contrasted clones for within-ring density related traits, by concentrating the core analysis on 50 pre-selected clones out of 200. The 50 clones were selected from around the edge of the cloud of 200 points (DBH; Pilodyn). Then, three increment cores (5 mm diameter) per tree were collected, and 3 to 5 trees per clone were sampled (180 trees).
Then the 15 clones were selected out of the 50 on the basis of the within ring density related traits, as described in Section 3.2.1.
The logs collected from the 15 clones were cut in the following way in order to provide the different partners with contrasted and genetically controlled wood samples: 0 to 1 m: wasted; 1 m to 1.4 m: disks for extractive content, wood colour, Kraft pulping tests and fibre morphology assessment; 1.4 m to 1.5 m: disk for X-ray micro-densitometry; 1.5 m to 1.6 m: disk for chemical characterization; 1.6 m to 2.6 m: log for mechanical testing; 2.6 m up to the top log: logs for TMP testing.
TMP procedure in the CTP pilot plant
TMP tests were performed on an average mix of each clone (mix of 3 to 5 trees per clone). The logs were debarked, chipped, pre-heated at 110 o C during 20 s, steamed at 115 o C during 5 mn, then refined in two stages: first at high consistency under pressure at 3500 rpm (12" refiner -D 2 A 505 plates), secondly at medium consistency under atmospheric pressure (C2976 plates), for a target Canadian Standard Freeness (CSF) = 100 mL. Then fibres were screened at low consistency with Lamort -0.30 mm slots. The unbleached physical properties were determined on the 15 lots of pulp. After pre-treating with DTPA (0.4%) the pulps were bleached using a standard bleaching (5% H 2 O 2 ). The Chemical Oxygen Demand (COD) was assessed on the effluents produced during bleaching (ISO 6060) in order to estimate the polluting charge. Physical properties were measured on the bleached pulps (T222 sp-96), including roughness (T452 om-96), air-permeability (T 547 pm-88), Manganese and Iron content before and after DTPA treatment.
For pratical reasons, refining curves with different CFS could not be achieved for each clone. Neverthless, it is industrially assumed that within the range 120-80 mL the influence of CFS on pulp strenght is negligible, so that physical properties of TMP can be used to distinguish between clones for our well defined refining conditions.
Kraft pulping
Kraft pulping tests were achieved using 150 mL digesters with calibrated experimental air-dry chips (3 mm thick × 25 mm × 25 mm). Kappa 25 was obtained on average with a white liquor active alkali 28% sulfidity 33%, wood/liquor ratio = 4, 90 mn of cooking at 170 o C. Pulp yield could vary from 43.5 to 47.3%. Then air-dry pulps were used for fibre morphology assessment with the PQM 1000 apparatus.
RESULTS
Identification of non destructive predictors of the papermaking potential
A first database was built from the 30 thinning trees, in order to analyse some interactions between the wood properties and the TMP process, and to identify some non destructive predictors of the papermaking potential.
A multivariable analysis was used to identify clusters. From this, it can be observed that: -physical properties of handsheets are linked with anatomical parameters, especially with cell wall thickness; -initial brightness is independent of mechanical behaviour and linked with wood colour but bleachability is independent of any measured parameter; -mechanical properties of solid wood are independent of TRMP characteristics.
The main explanatory variables for physical properties of pulps are anatomical parameters, with chemical parameters being less important. The breaking length can be predicted from a non linear model including bulk and CSF: this relationship does not depend on the height of sampling but varies between trees. For this range of consistency (less than 2%), the TRMP pulp properties cannot be predicted with sufficient accuracy using only the fibre and wood properties. Nevertheless, the fibre strength estimated with the wet zero span tensile (standard D 5803) is significantly correlated with the ratio (cell wall thickness/lumen diameter) as shown in figure 2 (r = 0.68, P < 0.001). The wet zero span tensile can be considered as one of the key factors of the development of the physical properties during the TMP refining process.
Classical within ring density traits may be significantly correlated with TMP fibre traits, but alternative MDM profile analysis [18] allows better calibrations to be found between MDM parameters and complex traits like pulping ones. In particular, MDM parameters based on a moving density threshold separating the profile in 2 parts (high density profile and low density profile) can be calculated at the profile level. NB700 is the number of intersections between a density threshold at 700 g dm -3 and the density profile. It is equivalent to twice the number of peaks over 700 g dm -3 in the profile. Figure 3 shows the evolution, with the threshold value, of the correlation between wet zero span tensile and NB. The highest correlation coefficient is found for NB just above 700 g dm -3 , and equals 0.74 (P < 0.01). This NB 700 parameter can be considered as a rapid index of selection for the TMP fibre strength in Douglas fir. The relevance of the NB700 parameter is corroborated by the TMP analysis of the 15 clones, especially when it is combined with the average wood density (see Section 4.1).
Douglas fir Kraft fibre morphology can be also estimated directly from the MDM profile, as described by Rozenberg et al. [18] , with respectively the following coefficients of correlation for average fibre width, fibre coarseness and curl index: +0.88, +0.92, +0.82.
Unbleached TRMP brightness can be roughly predicted from the determination of the a* chromatic component variations in wood (red colour), with the correlation being high enough for screening trees (r = 0.7, P < 0.001). The result is illustrated in figure 4 . The b* chromatic component of pulp is correlated with latewood content and not with b* of wood. After bleaching, the achieved level of brightness was around 76, which is good for printing. But the high level of Iron detected in pulp with low bleachability (more than 300 ppm) indicates plate wear in the refiner, and prevents identification of the relevant wood chemical predictor. For this reason, increment cores were ground in a Wiley mill, then sieved and bleached according to the conventional bleaching sequence applied to the pulp. Reflectance was measured before and after bleaching at 450 nm (RI 450 and RF 450) to estimate bleachability.
Genetic variability (clonal test)
Methodology for the selection of 15 clones with contrasted pulping traits
In order to select the most variable clones for both solid wood and pulping traits, clones were selected to represent a wide range of NB 700, RI450 and RF 450 variations. Approximately 180 trees were analysed, with the following constraints: (1) within-clone variation has to be limited; (2) wood density, within-ring heterogeneity of density, late wood percentage have to be contrasted. Figures 5 and 6 show the distribution of the selected clones (each point being the average of the 3 to 5 trees per clone) compared to the others, for some of the pre-cited parameters of selection.
Clonal variability of within-ring density related traits
The NB700 trait was computed from the density profiles recorded on the increment cores collected on these clones. As shown in table I (analysis of variance of NB 700) and table II (clone effect of the different MDM traits), while F value for NB 700 is similar to that found for the classical within density parameters, the clonal coefficient of variation of this trait is much higher than the clonal coefficient of variation of the ring density parameters: 58%, while the highest is 34% for earlywood width. Higher genetic variation might be expected for NB700 than for other wood quality traits.
Wood density is under strict genetic control, as already mentioned by several authors [1, 19, 21] . In our test, the variation of density between extreme clones is huge: from 320 to 550 kg m -3 , with correlatively drastic effects on all mechanical properties (see Section 4.1) with MOE varying from 7 480 to 12 500 MPa. It is obviously necessary to take into account the average density in the selection objectives to meet the minimum structural lumber requirements.
Pulping and chemical traits
The TMP results are reported in table III. The range of variation is industrially significant for any parameter.
An important scattering can be observed. For some clones, it is possible to achieve the CSF target with a low energy, when others are less suitable for TMP due to the high level of energy, but generally speaking the energy consumption is not a limiting factor for Douglas fir.
Four clones give a final brightness higher than 78 after bleaching, which is convenient with the Corbehem's mill targets. Alkaline and standard bleaching results are the same. Chelating treatment is not necessary because of a very low Manganese content. Three clones give very favourable levels of resistance: 3099-751, 2464-751 and 5286-751. The clone 5286-751 gives mechanical properties close to the pulp mill reference as presented in table IV (this mix of Norway spruce and poplar, tested on the same pilot plant, can be considered as the target of supply quality for the Corbehem's pulp and paper mill). But permeability and roughness are always much higher for the Douglas fir TMP than for the mill reference.
The bleaching sequences drastically decrease the level of these properties, but not enough to meet the requirements of a standard Light Weight Coated utilization (LWC = magazine paper).
The main problem remains the prohibitive level of Chemical Oxygen Demand (COD) of the effluents produced during bleaching of Douglas fir TMP, since it is 3 to 4 times higher than the mill's standard bleaching reference.
Data of lignin content on oven dry unextracted 40-60 mesh meals showed a range between 28.2% and 32.5% a mean of 30.0%. The clone effect is highly significant (P < 0.001) as it can be observed in figure 7 . Holocellulose determinations are included between 57.6% and 63.0% and show a mean of 60.8%. However, they give also evidence the higher the holocellulose content, the lower the lignin content (see table V) and the possibility to select clones with significantly higher chemical pulping yield than the average Douglas fir resource.
The within clone variance was much higher for extractives content than for the lignin and cellulose content. The fibre morphology is partially under genetic control. The clonal discrimination of the fibre length was weak, but the clonal effect on the fibre coarseness was high, as a consequence of the huge clonal variability of the latewood density levels, with a 28% difference between the extreme clones. High differences of Kraft pulp properties can be expected from these variations, especially for tear and burst index [5] . 
DISCUSSION
Correlation between traits
Even if the results presented are based on a too limited sample from Douglas fir breeding populations to be generalised and thus should be considered cautiously, the analysis of the variability of the TMP characteristics of the clones allows significant correlations to be identified with some of them being relevant for tree breeders.
Within table V, correlations are presented between some clonal means of bleached pulp traits and wood traits. The determination of the latewood density is accurate enough to select clones on their average fibre coarseness (r = +0.86) or even better, the ratio between fibre coarseness and width 2 (r = +0.9); the other way round the determination of the ratio "coarseness/width 2 " can be an accurate index for discriminating the mechanical wood stiffness of clones (r = +0.93).
Knowing the handsheet formation is mainly determined by the fibre flexibility, the high levels of bulk density, roughness (75% higher than the pulp mill reference) and porosity (80% higher than the pulp mill reference) for the Douglas fir samples are clearly linked with the proportion of the coarse latewood fibres. Thus, the standard deviation of the wood density or the index "NB 700" (in relation with the profile heterogeneity and also the rigidity of the fibres) are important explanatory variables of the roughness, the bulk and the air-permeability. The combination of the parameter "NB 700" and the average wood density accounts for 50 to 70% of the clonal variability of bulk, permeability, roughness and breaking length. The other way round, the variation of the earlywood density does not affect the TMP physical properties.
It is thus logical to observe highly significant positive correlation between the wood stiffness (MOE) and NB 700 (r = +0.87). Schematically, the coarser the fibres, (i) the less flexible fibres and the more opened structure of the handsheets, leading to poor tensile and high roughness, but (ii) the higher the solid wood strength.
Increasing the holocellulose content or decreasing the lignin content does not affect the mechanical properties.
The optical properties are linked to both the wood colour and the chemical and anatomical composition. The wood brightness (L* in the CIELAB system) measured on increment cores explains 44% of the variability of the yellow index of the unbleached TMP handsheets, and the yellow index difference after bleaching. The opacity, the coefficients of absorption and diffusion seem to be more linked with anatomical and chemical properties. The bleachability of the pulp can be moderately correlated with the red chromatic component a* of the wood samples before extraction (r = -0.6, P = 0.02). Of course, this complex trait should be better predicted by a specific chemical analysis.
Very high level of correlation can be observed between the MDM traits and the mechanical properties of the solid wood samples (MOE, compression) with coefficients of correlation all superior than 0.85. The high density Douglas fir latewood mainly determines the wood stiffness.
The growth of the Douglas fir clones is independent from the wood, fibre and pulp traits (the average ring width is not significantly correlated with wood density, MDM traits, fibre morphology, TMP strength, MOE of solid wood), when, on the contrary, trade off would be required to improve volume, tear strength and tensile strength of the western hemlock TMP [8] .
Non destructive selection is thus feasible, both for wood and pulp industry, with an interesting range of genetic variability. Genetic parameters are still to be evaluated.
Towards suggestions for breeders
The recommendations for Douglas fir wood selection could be summed up as follows:
(1) Increasing the homogeneity of the Douglas fir wood, with emphasis on simple predictors derived from the X-ray profile like NB 700, would have positive effects on the industrial products: improving the machinability of the sawn boards [13] , and improving the peeling ability [10] , increasing the within tree homogeneity of the wood products for dimensional stability (shrinkages of boards, plywood thickness) and for strength, increasing tensile energy of the TMP products and the burst index of the Kraft pulps [5] , decreasing the roughness of the pulp and paper products which can be a bar to entering some markets as LWC. The genetic selection can be efficient from 10-year-old for the wood homogeneity [9] , and the genetic correlation with growth related traits is favourable [21] . The genetic variability of heterogeneity estimators like NB 700 is high (CV > 10%).
(2) Simultaneously increasing the average wood density and/or the square density profile [18] , with trade-off regarding the within ring density heterogeneity, because of unfavourable genetic correlations [21] . For Douglas fir wood, wood density is a simple relevant wood property, able to predict wood stiffness and compression of sawn boards and ply-woods. Wood density combined with NB 700 can give relevant information on the physical properties of TMP. The genetic variability of the wood basic density is high (CV > 10%).
(3) For the TMP process, decreasing the a* chromatic component would contribute increasing the brightness of Douglas fir wood. Even if the bleachability of Douglas fir TMP is high, the final brightness of pulp depends on the initial brightness of the heartwood. Decreasing the contrast between sapwood and heartwood on sawn boards can have a positive impact from an aesthetic point of view. This trait, independent from the previous ones, may be considered as a secondary target. Fortunately, according to our results and various authors [9, 12, 21 ] no significant trade-off would be required to improve growth and wood/fibre traits. Thus, the main problem faced by breeders is the strong genetic correlation between the fibre coarseness -affecting the TMP strength -and the wood stiffness, which will compel the tree breeders to trade off between the two targets, with probable weak selection gain. This is the same issue as for wood machinability and wood stiffness.
The alternative of considering wood quality "safeguards" to avoid selecting unsuitable genetic material for processing may be more reasonable. It could be thus suggested to select families on adaptation traits, growth and branch characteristics [2] , then to define some thresholds for industrial acceptability: basic density and stiffness, within ring heterogeneity and maybe heartwood colour.
CONCLUSION
It is possible to use non destructive predictors for wood quality selection within Douglas fir provenances (Washington and Oregon) with a range of variability which is worth while being taken into consideration. For TMP process, large variation was observed for all properties, so there is potential to substantially increase pulp strength and brightness. The same conclusions could be given for chemical pulp processes, with the support of rapid non destructive techniques of estimation of chemical properties like infra-red spectroscopy, which now is operational for Douglas fir (Da Silva Perez, unpublished). The main problem facing Douglas fir breeding is the antagonism between two targets: decreasing wood heterogeneity and enhancing wood stiffness, so that little gain should be expected for both. "Wood quality safeguards" within genetic material selected for adaptation traits could be an alternative to avoid the risk of reducing wood quality in Douglas fir, for structural uses as well as for pulping.
Before breeding for pulping traits, emphasis may be also given to the log segregation, by defining Douglas fir wood assortments better adapted for various pulp quality targets. For instance, using preferentially sawing chips and top logs for pulping, in order to decrease the prejudice due to high level of extractives content (affecting Kraft pulping yield, and increasing the COD of the bleaching effluents in the TMP process) or orientating Douglas fir sawing chips towards paper products requiring high tear index, but not for printing papers requiring smoothness like LWC. Moreover, improvement of the TMP process is still needed to easily use Douglas fir chips (chemical pre-treatment).
